Sex allocation theory predicts that females mated to attractive males produce more sons than females mated to unattractive males. However, previous tests of this hypothesis have obtained mixed results. We suggest that females differ in the traits they find attractive. To test this proposition, we assessed female zebra finches' preferences for males banded with red or green plastic leg bands and then tested the sex allocation pattern of females paired with preferred and non-preferred males. Although most females preferred redbanded males, 34% of females consistently preferred green-banded males. The sex ratio at laying and hatching was not influenced by paternal preferred status. However, the fledging sex ratios differed between females paired with preferred and non-preferred males due to sex-biased chick mortality; sons of females paired with preferred males were born heavier and were more likely to survive than daughters. Our results indicate that female zebra finches show individual variation in their preferences for colour banded males, although females do not seem to adjust the offspring sex ratio in response to their mate's band colour. However, the differential posthatch mortality suggests females may differentially allocate resources into male and female eggs according to their individual mate preferences.
INTRODUCTION
Sex allocation theory predicts that parents should be selected to optimally allocate resources over sons and daughters by altering the number and/or the quality of offspring (Charnov 1979; Charnov 1982; Trivers and Willard 1973) . Parents that bias the sex ratio of their offspring in response to different environmental and/or parental conditions can increase their overall reproductive fitness (Trivers and Willard 1973) . In birds, parents in good condition or experiencing favourable environments are generally predicted to favour male offspring, since males are often more expensive to rear (Anderson et al. 1993) , and male mating success is more reliant than female mating success on an individual's own quality (Møller 1988) . In theory, adaptive offspring sex allocation requires that 1) females are able to control allocation (Pike and Petrie 2003; ; 2) parents can detect variation in relevant local environmental resources, own condition, or mate quality (West et al. 2000) , and are able to predict resource availability as determined by these factors (Leimar 1996; ; and 3) such factors have sex-dependent influences on offspring fitness, i.e. the returns on investment in sons and daughters differ (Frank 1987) . Although there are many studies on this topic, clear and powerful empirical tests of these sex allocation hypotheses are scarce in vertebrate systems.
Factors such as male quality and attractiveness may provide another source of sex-dependent effects on offspring fitness . Accordingly, many studies have found a significant relationship between offspring sex ratios and paternal attractiveness Griffith et al. 2003; Petrie 2005a, 2005b; Sheldon et al. 1999; . The majority of empirical evidence comes from birds and was first described by Burley (1981) . She found that female zebra finches, Taeniopygia guttata, produce a male-biased offspring sex ratio when paired with a male wearing red plastic leg bands, and produce more daughters when paired with a green-banded male. This manipulation amplifies differences in male ornamental traits-bright red is the colour of adult male beak, which may signal quality and reproductive status (Burley and Coopersmith 1987; Burley et al. 1992 )-and could increase the chance that females distinguish between males of similar attractiveness. Less distinct traits are likely to make it harder for females to rank males, which will constrain precise sex allocation (Booksmythe et al. 2013; . Even so, most subsequent studies have been unable to replicate Burley's (1981) pattern (Rutstein et al. 2004; Rutstein et al. 2005; Zann and Runciman 2003; but see Burley 1986 ), including one with the same experimental design (Von Engelhardt et al. 2004) . Interestingly, the experiments that have found the pattern have all used an aviary design, in which birds are allowed to choose their own partners, while no studies using an individual cage experimental design in which females are assigned partners without choice or male competition have found a relationship between offspring sex ratio and mate attractiveness (Rutstein et al. 2004; Rutstein et al. 2005) .
Recently, a meta-analysis found a small (r < 0.10) but significant influence of male attractiveness (including sexual ornaments or body condition) on offspring sex ratio . Nearly all studies on mate attractiveness-dependent sex ratio adjustment have focused on allocation in response to phenotypic quality indicators, assuming that all females agree in their preferences for male traits (Dreiss et al. 2006; Du and Lu 2010; Ellegren et al. 1996; . However, mate attractiveness is complex, not only because there are many traits that can indicate genetic and phenotypic quality (e.g. ornaments, body size, age, behaviour, and status), but also because of the interaction of preferences at the population level (i.e. the average attractiveness of traits) and individual level (i.e. the interest of a given female in the specific trait). In addition, mating preferences can be largely specific to individuals (Brooks and Endler 2001; Forstmeier and Birkhead 2004; Ihle et al. 2015; Jennions and Petrie 1997; Widemo and Saether 1999) . Presently, researchers are paying more attention to the influence of variation in phenotypic preferences among females on sexual selection on male traits, such as ornaments (Brooks and Endler 2001) , sexual displays (Coleman et al. 2004; Murphy and Gerhardt 2000; Thompson et al. 1993) , and personalities (Schuett et al. 2011b) . In zebra finches, females show diversity in their preferences for male phenotypes. For example, males with higher song rates are commonly favoured by females, but some zebra finch females have been shown to favour males with low song rate (Forstmeier and Birkhead 2004) . Furthermore, not all females preferred red-beaked males (Forstmeier and Birkhead 2004) , which casts doubt on a basic assumption of experiments employing coloured leg bands. We suggest that zebra finch female mate preferences may be inconsistent and that not all females are attracted to red-banded males and this individual variation in female preferences could be responsible for the inconclusive results of previous cage-experiment studies on sex allocation in response to mate attractiveness.
We used the socially monogamous zebra finch to investigate the proposition that mate attractiveness at the level of individual female preferences influences female reproductive investment and offspring sex ratio. Our study comprises two parts. Firstly, we used a mate-choice experiment to estimate females' preferences for male ornaments (leg band colour). Secondly, we paired these females at random with a colour-banded male to compare the difference between females paired with their preferred or non-preferred male phenotype in reproductive performance and offspring sex ratio.
MATERIALS AND METHODS

Study population and experimental setup
The experiment was carried out from May to December in 2014; 71 female and 62 male zebra finches were purchased from Henan province and Beijing, which are 700 km away from each other. Females from each source location were mated with males from the other to avoid inbreeding. All zebra finches were of wild-type phenotype, under 1 year of age, and had no breeding experience. All birds used in the study were sexually mature before the start of the mate-choice experiment. Birds were individually identified by a numbered aluminium leg band, and none of them were colour banded before the mate-choice experiment. The plastic colour leg bands (bright red/light green) used to artificially manipulate male ornamentation were from the same source (A. C. Hughes, Middlesex, UK) as those used in Burley's original studies and previous replications (Burley 1981 (Burley , 1986 Burley et al. 1982; Rutstein et al. 2005; Von Engelhardt et al. 2004 ). Male and female birds were separately caged before the experiment in the bird lab of the School of Nature Conservation, Beijing Forestry University. In the reproduction experiment, females were individually caged and visually separated from one another. The size of each cage was 40 × 26 × 30 cm with an external wooden nest box (10 × 10 × 12 cm). Fresh water and food were provided daily, and bath water and vegetables were provided 3 times a week.
Mate preference test
Preferences of 71 females were measured using a 2-way mate choice apparatus following the design of Collins et al. (1994) and Rutstein et al. (2007) . The test female was placed in a long cage (120 × 25 cm) made up of 4 consecutive 30 cm chambers, each with a perch in the middle. Stimulus males were placed in separate individual cages (30 × 25 cm) with a perch at each end of the long cage. All birds in the test could view each other.
At the beginning of each trial, the female was placed in the long central cage and left for 5 min to acclimatize to the environment with no males present. Males were randomly assigned to wear either red or green bands on both legs, and a red-and a greenbanded male with similar body size were then randomly allocated to either end of the stimulus cage to avoid female choice associated with male size or body condition. The three birds were left for 5 min to settle, and then female movement was recorded by a video camera (suspended 3 m above the apparatus) for 20 min. Because leg band colour is a manipulation of a visual trait (i.e. male ornament), we recorded the time that a female approached to sit on the closest perch and face each stimulus male, and used this "choice time" as our measure of female preference. This method shows good reproducibility in zebra finches (Rutstein et al. 2007 ). After 20 min, the female and both males were replaced by a new test group. Each female was tested three times to gauge the repeatability of her preference. In order to avoid the effect of familiarity, no female of the 213 trials was repeatedly tested with the same combination of males.
Reproduction experiment
Female zebra finches were randomly selected from the mate preference test for use in the reproduction experiment. Half of these females were allocated a male of their preferred leg band colour and half were allocated a non-preferred male. Males' coloured leg bands were removed and randomly reallocated before males were assigned to females. Females had not necessarily encountered their assigned male in the choice trials. Pairs were placed in breeding cages with a nest-box and nesting material provided. Nest boxes were checked twice a day at 0900-1000 and 1900-2000, and we recorded the start of egg laying, clutch size, and whether the female started incubating or not.
To ascertain hatching order, hatched chicks were individually marked with coloured cotton thread on their right leg that was replaced with a numbered aluminium ring when chicks were three weeks old. Nestling body mass was weighed daily at 1900-2000, to estimate the growth rate. Zebra finch broods hatch asynchronously in the order they were laid, and we compared the laying order of sons and daughters between different pairs to investigate whether females control the order of offspring sex in response to mate attractiveness. To minimize bias, observers were blind to the treatment of the pair.
The sex of fledging chicks was determined by visual inspection of the dimorphic plumage at maturity. Unhatched eggs and chicks that died before they could be reliably sexed by eye were sexed by PCR amplification of part of the W-linked CHDW gene and part of CHDZ (Griffiths et al. 1998 ) using a pair of primers: sex1′ 5′-CTCCCAAG GATGAGA AACTGTGCAAAACAG-3′ and sex2 5′-CCTTCACTTCCATTAAAGCTGATCTGGAATTTC-3′ (Wang et al. 2010) . Amplification was performed in 20 μL total volume, 100 ng of each primer, 200 μM of each dNTP, 0.75 U Taq DNA Polymerase, and 200 ng of DNA sample (for more detail see (Wang et al. 2010) ). The PCR products were visualized on a 2% agarose gel stained with ethidium bromide.
Statistical analysis
Each choice trial was scored either 1 (the female spent more time with the red-banded male) or −1 (the female spent more time with the green-banded male). A female's overall preference for male leg-band colour (choice time) was calculated as the sum of the 3 scores. Female choice consistency was evaluated with the "rptR" package (Nakagawa and Schielzeth 2010) using choice time as the focal trait. We tested for effects of male attractiveness (factor with 2 levels: preferred, P vs. nonpreferred, NP) on female reproductive success (number of offspring at the egg, hatchling and fledging stages) using a 2-way ANOVA with male bands colour (red vs. green) as the second independent variable. The effect of mate attractiveness and male bands colour on sex ratio (proportion of sons) at the brood level was examined by fitting a generalized linear mixed model (GLMM). As we are also interested in the interaction term in these analyses (attractiveness × band colour, i.e. does the female's specific colour preference affect the sex ratio) we present all models retaining this term, even when not significant. Model estimates for the main effects were qualitatively very similar when interaction terms were excluded (results not shown).
We used linear mixed-effects models (LMMs) to assess the effects of mate attractiveness and male band colour on chick hatching mass, 2-week mass and growth rate (1-14 days). The effect of mate attractiveness on chicks' sex and survival rate to independence was analysed by fitting generalized linear mixed models (GLMM). GLMMs and LMMs were fitted with the "lme4" package (Bates et al. 2014) , and female identity was entered as a random factor. Departures from equal sex ratio (Fisher 1930) were analysed by G-test, and we used Fisher's exact test to compare brood sex ratios from different pairs. All the statistical analyses were performed with R v.3.1.1 (http://www.r-project.org) and all graphics were performed with Prism Software v.6.0. Summary statistics are presented as mean ± standard error (SE) unless otherwise indicated.
RESULTS
Female preference
We tested the mate preferences of 71 female zebra finches in 213 trials. On average, females spent much more time in front of the red-banded male (paired t-test: red time (s), 476.821 ± 22.282, green time (s), 361.360 ± 20.182, n = 213, t = 2.92, P = 0.004). Most females preferred the red-banded male (66.2%, G-test: G = 7.587, P = 0.006); however, 24 individuals spent more time with the green-banded male. There was no difference in the average time females spent with preferred males wearing red bands and preferred males wearing green bands (red, 587.415 ± 25.041 s, green, 573.392 ± 35.984 s, n = 213, t = 0.320, P = 0.750, Figure 1) . The choice times of females showed moderately low, but significant, intra-individual stability across the 3 trials, both for time spent associating with the red-banded male (R = 0.258, P < 0.001) and with the green-banded male (R = 0.216, P < 0.001).
Female reproduction
Initially, 56 females were included in the reproduction experiment, of which 48 females laid eggs and 31 females successfully hatched chicks (Table 1) . Neither mate attractiveness nor male band colour affected the likelihood of either egg laying (GLM: mate attractiveness, X 2 < 0.001, P = 1; band colour, X 2 = 0.589, P = 0.443) or incubation (GLM: mate attractiveness, X 2 = 0.823, P = 0.364; band colour, X 2 = 0.008, P = 0.930).
Females' preference for red or green bands had no influence on their reproduction whether they were paired with preferred or nonpreferred males (Table 2 ). Females mating with preferred males laid significantly more eggs than females mating with non-preferred males (P: 5.750 ± 0.515, NP: 3.958 ± 0.383, Table 2 ).
Offspring sex ratio
In total, 80 fertilized eggs were laid in our experiment, 77 eggs hatched, and 40 chicks were fledged. The sex ratio of all offspring did not depart from Fisher's equal sex ratio at laying, hatching or fledging stages (laying sex ratio: 0.438, G = 1.255, P = 0.263; hatching sex ratio: 0.442, G = 1.054, P = 0.305; fledging sex ratio: 0.500, G = 0, P = 1).
There was no significant difference in brood sex ratios at laying or hatching between females paired with preferred and non-preferred males. However, females mated to preferred males had more sons survive to fledging than females mated to their non-preferred males (2-way Anova: F 1, 13 = 5.873, P = 0.031, Table 3), and had more daughters than sons die before fledging (sex ratio among nonsurviving offspring: 0.267, n = 15, G = 3.397, P = 0.065). 
The effect of laying order
The position in the laying order of sons and daughters did not differ with mate attractiveness (Supplementary Table S1 ) Overall, there were more first-born daughters (male vs. female: 10 vs. 21, G = 3.990, P = 0.046, Figure 2a ). Offspring survival rate increased with position in the laying order for females paired with preferred males, such that the third and fourth nestling were more likely to survive (GLM, mate attractiveness × laying order interaction: estimate ± SE, 1.172 ± 0.521, x 2 = 5.817, P = 0.016, Figure 2b ).
Nestling growth
The sons of females with preferred mates were heavier at hatching than were their daughters (son vs. daughter hatching mass (g): 0.711 ± 0.043 vs. 0.648 ± 0.035, Figure 3a) while the sons of females with non-preferred mates were lighter at hatching than were their daughters (0.609 ± 0.039 vs. 0.692 ± 0.018, Figure 3a , Table 4 ). However, by two weeks of age, the sons of females with non-preferred mates were heavier than their sisters (Figure 3b ). Chicks' survival rate increased with the mass at hatching (GLMM, estimate ± SE, 13.053 ± 6.163, x 2 = 4.485, P = 0.034) and those sons of non-preferred males that died before fledging had a lighter hatching mass than those that survived to fledging (t = −4.413, P = 0.003). Nestling growth rate and two weeks mass decreased with the laying order, and neither mate attractiveness, chicks' sex, nor their interaction influenced growth rate (Supplementary  Table S2 ).
DISCUSSION
Our experiments showed that female zebra finches exhibit individual preferences for the colour of leg bands on males. Furthermore, we found that females mated to preferred males had larger clutch sizes and more fledging sons. Females thus appear to adjust their reproductive investment to produce a more male-biased offspring sex ratio when mated to males of their preferred phenotype.
In the female preference experiment, females spent significantly more time, on average, in front of the red-banded male. This is consistent with previous studies suggesting that at the population level, female zebra finches strongly prefer males wearing red leg bands. However, 24 (34%) females in our experiment showed a preference for the green-banded male, indicating inter-individual variation in mate preferences. Females that preferred green-banded males spent a similar absolute amount of choice time with their preferred males as did females that preferred red-banded males, which suggests that our results reflect different individual female preferences (rather than, for example, variation in the strength of females' preference for red-banded males). That is, some females were as attracted by green-banded males as others were by redbanded males. Additionally, females showed similar consistency in their preferences for green-banded as for red-banded males, which also supports the suggestion of inter-individual variation in zebra finch mate preferences. By directly determining mate preferences in the females whose reproductive performance was measured, our study design allowed us to disentangle the influences of male phenotype (leg band colour), female preference, and mate attractiveness (preferred status). Females paired with a preferred male laid more eggs (Table 2) , which suggests that females adjust reproductive investment in response to individual perception of mate attractiveness. Few studies have used this approach. In guppies, females preferred ornamented males with larger orange spots, and different females mated to the same individual male produced more sons when mated to a male that had been viewed with a less attractive competitor (i.e. in the "preferred" role), but more daughters when the male was non-preferred (Sato and Karino 2010) . In these studies, however, all females shared a preference for the most ornamented male available to them; thus, individual-level and population-level mate preferences agree perfectly in this system (Karino and Sato 2009 ). When preferences vary, testing for population-level effects may fail to detect individual-level responses. We believe that the usual, population-level evaluation of male attractiveness may be responsible for the mixed results of previous studies on sex allocation in zebra finches (Burley 1986; Rutstein et al. 2004; Rutstein et al. 2005; Von Engelhardt et al. 2004; Zann and Runciman 2003) , motivating our decision to analyse offspring sex allocation in response to the match between male phenotype and individual female preference. We suggest that it is important to directly characterize the mate preferences of test females when experimentally measuring reproductive investment and sex allocation.
Organisms face a trade-off between their current and future reproduction (Trivers 1972 ). When the current mate provides material or genetic benefits, the value of the offspring will be high. Especially when the attractiveness of future mates is variable (Sheldon 2000) , females may optimize the gain from a current attractive mate by increasing their own investment in offspring, and Significant relationships are indicated as *P < 0.05 and **P < 0.01. particularly by producing more sons which can inherit the attractive traits from their father (Horváthová et al. 2011; Limbourg et al. 2004 ). In our study, green leg bands were expected to lower perceived male quality, because green is not a natural colour in male zebra finches (Burley et al. 1982) . However, we found that reproductive performance did not differ between females paired with red-or green-banded males, nor between females of differing colour preferences. In previous studies female zebra finches also showed preferences for low quality male (Forstmeier and Birkhead 2004 ) and other studies suggest there might be assortative mating with respect to quality (Holveck and Riebel 2010; Verhulst et al. 2006 ) which, together with our findings may suggest that female zebra finches use alternative reproductive strategies. In some species males with a low quality phenotype may suffer less intrasexual competition (Smith 1990 ) and contribute more time to parental care because of reduced opportunities to pursue extra-pair paternity (Burley 1988 ). In addition, females breeding with these males may also face less intrasexual competition for mates (Rosvall 2011) . If males of phenotypically low quality provide other benefits (e.g. increased parental care), alternative reproductive strategies can thus yield equal average fitness, and exist as an evolutionarily stable state (Gross 1996; Oliveira et al. 2008) . It is possible that sons of females mated to a preferred male could benefit from subsequent assortative mating if female mating preferences diverge strongly enough to cause sexual isolation (Nosil 2012) . Mate compatibility may provide an alternative explanation for differential allocation in response to individual perception of mate attractiveness. There is increasing evidence showing that females use genetic dissimilarity as a criterion for mate choice (Mays and Hill 2004) , and the phenotypic dissimilarity or novelty of a male could potentially signal his compatibility to a female. There is also evidence that sons can benefit more than daughters from parental compatibility: female lance-tailed manakins paired with less related males were more likely to produce sons, in a system where males suffer greater inbreeding depression (Sardell and DuVal 2014) . In Gouldian finches, strong genetic compatibility effects among different colour morphs influence offspring sex allocation (Pryke and Griffith 2009 ). Although genetic compatibility effects have not been detected in zebra finches (Ihle et al. 2015) , behavioural compatibility has been shown to be important for the reproductive success of zebra finch pairs through improvement of performance in parental care (Ihle et al. 2015; Schuett et al. 2011a) . It remains to be tested whether zebra finch sons benefit more than daughters from increases in parental care.
Mate attractiveness had no influence on the number of hatching and fledging chicks (Table 2) , or chick growth and survival rate (Table 4) , which means that female zebra finches did not adjust their investment into raising offspring in response to mate attractiveness in our study. Zebra finches are one of the most genetically monogamous passerines (Griffith et al. 2010) , which predicts that sexual conflicts should be low in this species as the lifetime reproductive success of males and females are tightly linked within each pair (Pogány et al. 2014) . Females may thus gain little from altering their total current investment depending on mate attractiveness.
Females paired with preferred males tended to have more sons survive to fledging in our experiment, showing an increase in fledging sex ratio with male attractiveness that approached significance, Significant relationships are indicated as *P < 0.05. The analyses included female identity as a random factor. The degrees of freedom are 1. which is consistent with Burley's (1981 Burley's ( , 1986 ) studies. Nestlings from females paired with preferred males suffered female-biased mortality, resulting in a male-biased fledging sex ratio. Two possible proximate causes of this sex-biased mortality were considered. First, this bias could be due to parents' sex-biased investment in eggs or nestlings in response to male attractiveness. Females paired with a preferred male had sons that were much heavier than daughters at hatching, while the daughters of females paired with non-preferred males were heavier at hatching than were sons (Table 4) . Chick survival increased with mass at hatching, and female-biased mortality among the offspring of females with preferred mates is therefore consistent with increased investment in male eggs or chicks by these parents. Interestingly, although the reversal of the weight difference between sons and daughters of non-preferred males is likely to be due to the reduced survival of lighter-hatching sons, we did not observe net sex-biased mortality among the offspring of non-preferred males. Second, sex-biased mortality could arise if position in the laying order differentially influences the survival of males and females. For example, earlierlaid eggs (earlier-hatching chicks) might attain higher dominance status in sibling competition. Females in our study did not adjust their laying sequence to produce males earlier, which suggests that the higher survival rate of sons than daughters of females with preferred mates was not related to hatching order. Female body condition declines with laying because of the energy expended on prior eggs, and the resources allocated to eggs also decrease with laying order (Royle et al. 2003; Williamson et al. 2006) . Offspring survival rate is therefore expected to decrease with hatching order. We found that survival rate increased with hatching order in broods of females with preferred mates (Figure 2b ), which had a higher probability of later-hatching sons. This might be due to lighter daughters from preferred pairs dying before fledgling, since the survival rate increase with hatching mass. Female zebra finch nestlings suffer more mortality than males (Kilner 1998) , and more susceptibility to food shortages (Martins 2004) , so the female-biased sex ratio in the earlier-laid offspring might be selected to compensate for this disadvantage (Figure 2a ). To conclude, female zebra finches exhibit inter-individual variation in their preferences for male leg band colour. Females paired with their preferred mates initially invested more in reproduction, producing more eggs, than did females paired with nonpreferred males. Females with preferred mates also fledged more sons than daughters as a result of female-biased hatchling mortality. In contrast, the colour of the male's leg bands did not directly affect female reproductive success or offspring sex ratio. Failure to account for individual variation in female mate preferences may have contributed to the inconclusive results of previous studies on facultative adjustment of offspring sex ratios in response to male attractiveness.
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